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Abstract

Objective: Late-onset GM2 gangliosidosis (LOGG) subtypes late-onset Tay-

Sachs (LOTS) and Sandhoff disease (LOSD) are ultra-rare neurodegenerative

lysosomal storage disorders presenting with weakness, ataxia, and neuropsychi-

atric symptoms. Previous studies considered LOTS and LOSD clinically indis-

tinguishable; recent studies have challenged this. We performed a scoping

review to ascertain whether imaging and clinical features may differentiate these

diseases. Methods: We examined MEDLINE/non-MEDLINE databases up to

May 2022. Articles reporting brain imaging findings in genetically/enzymatically

confirmed LOGG, symptom onset at age ≥ 10 years (or evaluated at least once

≥18 years) were included, yielding 170 LOGG patients (LOTS = 127,

LOSD = 43) across 68 papers. We compared LOTS versus LOSD and per-

formed regression analyses. Results were corrected for multiple comparisons.

Results: Age of onset was lower in LOTS versus LOSD (17.9 � 8.2 vs.

23.9 � 14.4 years, p = 0.017), although disease duration was similar (p = 0.34).

LOTS more commonly had psychosis/bipolar symptoms (35.0% vs. 9.30%,

p = 0.011) but less frequent swallowing problems (4.10% vs. 18.60%,

p = 0.041). Cerebellar atrophy was more common in LOTS (89.0%) versus

LOSD (60.5%), p < 0.0001, with more severe atrophy in LOTS (p = 0.0005).

Brainstem atrophy was documented only in LOTS (14.2%). Independent pre-

dictors of LOTS versus LOSD (odds ratio [95% confidence interval]) included

the presence of psychosis/bipolar symptoms (4.95 [1.59–19.52], p = 0.011), no

swallowing symptoms (0.16 [0.036–0.64], p = 0.011), and cerebellar atrophy

(5.81 [2.10–17.08], p = 0.0009). Lower age of onset (0.96 [0.93–1.00],
p = 0.075) and tremor (2.50 [0.94–7.43], p = 0.078) were marginally statistically

significant but felt relevant to include in the model. Interpretation: These data

suggest significant differences in symptomatology, disease course, and imaging

findings between LOTS and LOSD.

Introduction

GM2 gangliosidoses are lysosomal storage disorders

caused by mutations in the in the a- and b-subunits of

b-hexosaminidase, named Tay-Sachs and Sandhoff

disease, respectively, and mutations in the GM2 activator

protein, GM2 activator protein deficiency. This results in

neuronal damage due to accumulation of GM2-

ganglioside within lysosomes and progressive neurological

disease.1 GM2 gangliosidosis subtypes have been
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described, based on the age of onset and disease course,

although the definitions of these subtypes vary.2 Late-

onset GM2 gangliosidosis (LOGG) typically presents after

age 10 and patients survive into adulthood.2,3 LOGG are

ultra-rare neurodegenerative disorders, which are slowly

progressive, and distinct from the subacute juvenile sub-

type (normal development, with symptom onset from age

2–5 years) and the more common, severe pediatric sub-

type (fatal in early childhood).2 Scant neuropathological

studies demonstrate characteristic ballooned neurons.4–7

There is a wide phenotypic spectrum, with involvement

of both the central and peripheral nervous system, result-

ing in several core phenotypes (predominantly neuromus-

cular, cerebellar, or psychiatric),8 and considerable

diagnostic delays.9 Symptoms of LOGG primarily involve

ataxia from cerebellar involvement and weakness (both

upper [UMN] and lower motor neuron [LMN]), with a

predilection for the triceps and quadriceps, leading to

early use of walking aids and functional impairment.9

Cognitive dysfunction has been reported,10,11 and psychi-

atric symptoms may be prominent.12 Structural imaging

has revealed cerebellar atrophy, even in the absence of

cerebellar clinical signs3; however, only few studies, con-

taining small sample sizes have assessed imaging features

of LOGG.13,14

Previous studies, with small patient cohorts, have con-

sidered late-onset Tay-Sachs (LOTS, which is more com-

mon, and hence has received greater study) and late-onset

Sandhoff disease (LOSD,) to be clinically

indistinguishable.2,15 However, recent studies have chal-

lenged this notion: LOSD appears to have a later age of

symptom onset,3 while psychiatric symptoms appear more

prevalent in LOTS.3,12,16,17 LOTS patients also frequently

have a postural and kinetic tremor and may present with

characteristic, stuttering speech.18 Additionally, a study

from our group supported these differences, demonstrat-

ing higher rates of ataxia and cognitive/psychiatric symp-

toms (attributed to the cerebellar cognitive affective

syndrome19) in LOTS compared to LOSD.20 Furthermore,

the two populations had distinct structural imaging fea-

tures: LOTS patients had considerable cerebellar volume

loss, while the limited LOSD cohort had normal imaging

findings.13,20 It was, however, acknowledged that the

LOSD patients all had a neuromuscular, as opposed to

ataxic, phenotype.13,20

To further characterize differences in clinical presenta-

tion and imaging between LOTS and LOSD, we analyzed

published imaging studies and corresponding descriptions

of clinical characteristics in a large, combined cohort.

Improving imaging and phenotypic characterization may

help differentiate these two disorders at an earlier stage

and highlight differences in disease pathogenesis. Such

discriminating features will be relevant to forthcoming

LOGG clinical trials (historically, LOTS and LOSD have

been studied together in trials, in part given their extreme

rarity), as pathophysiological differences may result in dif-

ferential treatment effects.

Methods

Standard protocol approvals, registrations,
and patient consent

This scoping review (overview of literature surrounding a

broad topic) adheres to the PRISMA guidelines.21 The

PRISMA flow diagram is shown in Fig. 1. Ethical

approval was waived by the MassGeneral Brigham Institu-

tional Review Board.

Database search strategy and selection
process

A systematic search of MEDLINE and non-MEDLINE

databases was performed to access relevant articles pub-

lished up to May 2022. Specific medical subject headings

(MeSH) and text-based search terms related to GM2

gangliosidosis included: “gangliosidoses”, “GM2”, “G

(M2)”, “ganglioside metabolism”, “beta-N-acetylhexosa-

minidases/deficiency”, “GM2 gangliosidosis”, “GM2 gang-

liosidoses”, “hexosaminidase”, “Tay Sachs”, “Tay-Sachs”,

and “Sandhoff”. Search terms related to age of onset

included: “adult”, “late-onset”, “juvenile”, “subacute”,

“chronic”, “adolescent”, or “atypical”. References for each

selected article were reviewed to find additional references

that database searches may not have identified.

Inclusion criteria

Inclusion criteria were: publication in English; genetically

or enzymatically confirmed LOGG; symptomatic onset at

age ≥ 10 years, or seen clinically at least once at age ≥ 18

years; and a description of brain imaging, with brain

magnetic resonance imaging (MRI), or computed tomog-

raphy (CT) in at least one patient. Juvenile/infantile

patients were excluded.

Data collected

Within each article, if some patients met the inclusion

criteria and others did not, data were only extracted for

patients that met all criteria. Data extracted for subjects

included: sex, method of diagnosis, LOGG subtype

(LOTS/LOSD), race/ethnicity (as described), age of symp-

tom onset, initial symptoms, description of clinical find-

ings, and details of imaging findings. Clinical findings

were classified as: UMN involvement (spasticity,
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hyperreflexia, etc.), LMN involvement (atrophy, fascicula-

tions, hyporeflexia, etc.), cerebellar ataxia, cognitive defi-

cits/dementia (patient/clinician reported), psychiatric

symptoms (specifically psychosis or bipolar affective dis-

order), speech difficulties (dysarthria, stuttering, etc.),

swallowing difficulties, tremor, and other movement dis-

orders (parkinsonism, etc.). Age of onset and age at pre-

sentation were sometimes nonspecific (using descriptive

terminologies, such as adolescence, late childhood etc., or

ranges) and in these cases, average ages within an age

group, using either accepted World Health Organization

definitions, or an average age within these ranges were

used in their place. Disease duration was defined as the

duration in years between age of symptom onset and age

at presentation, including based on above estimated age

at onset. Structural brain imaging findings were catego-

rized as the presence of cerebellar atrophy, cerebral atro-

phy, brainstem atrophy, and other pertinent features.

Cerebellar atrophy was further categorized if there was a

specific description of severity of atrophic change (mild,

moderate, and severe). If patients were described at multi-

ple timepoints, clinical and imaging findings at the latest

timepoint were used for consistency. When possible, in

cases that were described in more than one article were

identified, the latest assessments were used. Where MRI

findings were available, these were preferentially used over

CT findings.

Statistical analysis

Statistical analysis was performed using SAS (Version 9.4;

SAS Institute, Cary, NC). Descriptive statistics were com-

puted using chi-squared and Fisher’s exact tests for cate-

gorical variables and t-tests for continuous variables. We

computed Spearman correlations to determine associa-

tions of the reported degree of cerebellar atrophy (no

atrophy, mild, moderate, and severe atrophy, used as an

ordinal measure) to age at presentation, age at neuroim-

aging scan, and disease duration. We performed multivar-

iate logistic regression analyses to determine clinical and

imaging predictors significantly differentiating LOTS and

LOSD. Significance level was designated as two-tailed

p < 0.05. In all comparisons based on clinical characteris-

tics, results were corrected for multiple comparisons using

the Bonferroni method.

Results

Search results

In total, 516 citations were identified. Nine additional

papers were identified through the references of articles.

525 papers were screened, and 248 were excluded. Two

papers included overlapping patients,3,22 and two had

additional advanced research imaging techniques in the

Figure 1. PRISMA flowchart for scoping review in the LOGG cohort.21
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same cohort.13,20 277 articles were potentially eligible; 68

met the prespecified inclusion and exclusion criteria,

yielding 170 individual LOGG patients (127 LOTS, 43

LOSD) (Table 1).

Demographics

The demographics of the LOGG cohort (n = 170) are shown

in Table 2. The LOGG cohorts were balanced regarding sex

(p = 0.33). Ethnicity was documented in 137 cases (33 miss-

ing), with significant differences between LOGG subtypes: in

those with data, LOTS were evenly divided between non-

Jewish European (49.5%) and Ashkenazi-Jewish (46.7%),

while LOSD had no documented Ashkenazi-Jewish ethnicity,

with the majority non-Ashkenazi-Jewish European (60.0%).

Mean age of symptom onset for those with data (n = 151)

was lower in LOTS: 17.9 � 8.2 years versus LOSD:

23.9 � 14.4 years (p = 0.017), although disease duration

was similar (p = 0.34).

Clinical characteristics

Clinical characteristics were not reported in a single study

of 4 LOTS patients, so the LOTS totals herein were

n = 123, while all 43 LOSD patients had clinical charac-

teristics reported. Clinical comparison between LOTS and

LOSD is shown in Fig. 2A. Psychosis/bipolar symptoms

were significantly more common in LOTS versus LOSD

(25.0% vs. 9.3%, p = 0.011), while swallowing difficulties

were significantly less common in LOTS (4.1% vs. 18.6%,

p = 0.041). The presence of LMN features, UMN features,

and cognitive dysfunction were similar between groups.

Frequencies of ataxia (LOTS: 76.4% vs. LOSD: 60.5%,

p = 0.35), tremor (LOTS: 32.5% vs. LOSD: 16.3%,

p = 0.33), and speech difficulties (LOTS: 65.9% vs. LOSD:

51.2%, p = 0.70) were not statistically different. Dystonia

was reported in 9 cases (4 LOTS [one potentially tardive

dystonia/dyskinesia], 5 LOSD), with 2 cases of athetotic/

dyskinetic movements and dystonic speech.23 Parkinson-

ism was rare, reported in 1 LOTS24 and 1 LOSD

patient.25

Significant correlations between clinical characteristics

included: swallowing problems with UMN features

(r = 0.26, p = 0.0007); tremor with ataxia (r = 0.21,

p = 0.0067); ataxia with cognitive symptoms (r = 0.29,

p = 0.0001), speech problems (r = 0.43, p < 0.0001) and

UMN features (r = 0.16, p = 0.034); and psychosis/bipo-

lar symptoms with cognitive symptoms (r = 0.29,

p = 0.0001) and speech problems (r = 0.16, p = 0.038).

Age of onset correlated positively with LMN features

(r = 0.17, p = 0.033) and negatively with ataxia

(r = �0.22, p = 0.0064), cognitive symptoms (r = �0.20,

p = 0.013), psychosis/bipolar symptoms (r = �0.22,

p = 0.0074), and speech problems (r = �0.25,

p = 0.0018). Age at presentation (n = 149, r = 0.49,

p < 0.0001) and age at scan (n = 112, r = 0.38,

p < 0.0001) correlated with disease duration.

Clinical comparisons with age of symptom
onset and disease duration

Comparing age of symptom onset as a dichotomous vari-

able (younger age of onset: age < 18 years; older onset:

≥18 years), of 151 LOGG patients with data, 81 (53.6%)

presented with a younger age of onset (Fig. 2B,C). In

LOTS (n = 111) in younger versus older onset patients,

differences in LMN features (75.4% vs. 89.1%) were not

significant (p = 0.55). In LOSD (n = 40), psychosis/bipo-

lar symptoms were only present in younger onset LOSD

(25.0% vs. 0%); differences in cognitive symptoms

(56.3% vs. 20.8%) were not significant (p = 0.17). Speech

disturbances were similar in LOTS but commoner in

younger onset LOSD (81.3% vs. 29.2%, Fisher’s

p = 0.025).

We were mindful of potential biases introduced by dif-

ferent disease duration in the younger versus older symp-

tom onset groups, as patients with younger onset

symptoms may have longer disease duration or may have

been evaluated earlier in their course. Disease duration

was therefore assessed as a dichotomous variable (shorter

duration: ≤10 years [n = 40]; longer duration: >10 years

[n = 111]). Reported ataxia in those with available disease

duration (n = 151) with shorter versus longer duration

LOGG (57.5% vs. 77.5%, p = 0.12), was mainly driven by

LOTS and not significant.

Comparison between major LOGG phenotypes

We assessed major LOGG clinical phenotypes: ataxia ver-

sus neuromuscular (no ataxia), psychosis/bipolar symp-

toms versus no psychosis/bipolar symptoms, and

cognitive symptoms versus no cognitive symptoms, irre-

spective of age at disease onset or disease duration, in

relation to other clinical symptoms (Fig. 3).

Clinical differences between ataxia
(cerebellar) versus non-ataxia
(neuromuscular) subgroups

LOGG with ataxia (n = 120) versus non-ataxic patients,

had more frequently reported speech disturbance (75.0%

vs. 28.3%, p < 0.0001), cognitive symptoms (51.0% vs.

19.6%, p = 0.0014), and tremor (34.2% vs. 13.0%,

p = 0.048). In LOTS with ataxia (n = 94) versus non-

ataxic, there were similar observations in speech

(p < 0.0001) and tremor (p = 0.022) (driving differences
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in LOGG), and more frequent LMN signs (87.2% vs.

58.6%, p = 0.0049). In comparison, LOSD with ataxia

(n = 26) only had greater reported cognitive symptoms

(53.9% vs. 5.9%, p = 0.0084). Tremor was infrequently

reported in LOSD, regardless of ataxia presentation.

Clinical differences between
neuropsychological phenotype subgroups

LOGG with reported psychosis/bipolar symptoms

(n = 47) versus those without, had more frequent concur-

rent cognitive symptoms/signs (66.0% vs. 33.6%,

p = 0.0007). This observation was similar in (and likely

driven by) LOTS (n = 43, 67.4% vs. 33.8%, p = 0.0021),

while LOSD had no significant associations.

LOGG with reported cognitive symptoms (n = 71)

were more likely to have psychosis/bipolar symptoms

(43.7% vs. 16.8%, p = 0.0007) and ataxia (87.3% vs.

61.1%, p = 0.0014). LOTS with cognitive symptoms

(n = 56), had more frequent psychosis/bipolar symptoms

(52.8% vs. 20.9%, p = 0.0021), and LMN features (94.6%

vs. 68.7%, p = 0.0014). In LOSD, those with cognitive

symptoms (n = 15) had more frequent ataxia (93.3% vs.

42.9%, p = 0.0084).

Table 2. Demographic details, clinical details, and brain imaging modality of the LOGG cohort.

Parameter

Subject group

Total LOGG (n = 170) LOTS (n = 127) LOSD (n = 43) LOTS vs. LOSD p-value

Demographic details

Male:Female (% female) 88:82 (48.2) 63:64 (50.4) 25:18 (41.9) 0.33

Age at onset, yr � SD 19.5 � 10.5 17.9 � 8.2 23.9 � 14.4 0.017

Missing, n (%) 19 (11.2) 16 (12.6) 3 (7.0)

Age at assessment, yr � SD 36.6 � 11.2 35.4 � 9.9 40.1 � 13.9 0.051

Missing, n (%) 6 (3.5) 5 (3.9) 1 (2.3)

Age at scan, yr � SD 36.4 � 11.4 35.0 � 10.0 39.9 � 13.9 0.060

Missing, n (%) 47 (28.6) 39 (32.5) 7 (17.1)

Ethnicity/Ancestry <0.0001

Ashkenazi-Jewish, n (%) 50 (29.4) 50 (39.3) 0 (0)

Other non-Jewish European, n (%) 71 (41.8) 53 (41.7) 18 (41.9)

French Canadian, n (%) 4 (2.4) 3 (2.4) 1 (2.3)

South Asian, n (%) 2 (1.2) 1 (0.8) 1 (2.3)

East Asian, n (%) 6 (3.5) 0 (0) 6 (14.0)

African, n (%) 3 (1.8) 0 (0) 3 (7.0)

Middle Eastern, n (%) 1 (0.6) 0 (0) 1 (2.3)

Missing, n (%) 33 (19.4) 20 (15.7) 13 (30.2)

Clinical features

Lower motor neuron, n (%) 136 (81.9) 99 (80.5) 37 (86.1) 0.41

Upper motor neuron, n (%) 57 (34.3) 42 (34.2) 15 (43.9) 0.93

Ataxia, n (%) 120 (72.3) 94 (76.4) 26 (60.5) 0.044

Tremor, n (%) 47 (28.3) 40 (32.5) 7 (16.3) 0.042

Cognitive symptoms, n (%) 71 (42.8) 56 (45.5) 15 (34.9) 0.22

Psychiatric symptoms (Psychosis/bipolar), n (%) 47 (28.3) 43 (35.0) 4 (9.3) 0.0014

Speech symptoms, n (%) 103 (62.1) 81 (65.9) 22 (51.2) 0.088

Swallowing problems, n (%) 13 (7.8) 5 (4.1) 8 (18.6) 0.0051

Missing, n (%) 4 (2.4) 4 (3.1) 0 (0)

Brain imaging modality

MRI, n (%) 144 (84.7) 104 (81.9) 40 (93.0)

CT only, n (%) 26 (15.3) 23 (18.1) 3 (7.0)

Both MRI and CT, n (%) 12 (7.1) 11 (8.7) 1 (2.3)

Description of severity of cerebellar atrophy, n missing (%) 58 (34.1) 50 (39.4) 8 (18.6)

All values and % are based on non-missing data save ethnicity/ancestry, where the missing category is included to give a more accurate represen-

tation of ethnicity/ancestry breakdown. Significant p-values are highlighted in bold

Clinical findings were classified as: UMN involvement (spasticity, hyperreflexia, etc.), LMN involvement (atrophy, fasciculations, hyporeflexia, etc.),

cerebellar ataxia, cognitive deficits/dementia (patient/clinician reported), psychiatric symptoms (specifically psychosis or bipolar affective disorders

symptoms), speech difficulties (dysarthria, stuttering, etc.), swallowing difficulties, tremor, and other movement disorders (parkinsonism, etc.).

Abbreviations: aLOGG, late-onset GM2 gangliosidosis; LOSD, late-onset Sandhoff disease; LOTS, late-onset Tay-Sachs disease; SD, standard devia-

tion; yr, years.
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Figure 2. Clinical characteristics of LOGG, LOTS, and LOSD and by age of onset subgroups. Bar graphs illustrate differences in clinical characteristics

comparing LOTS to LOSD (2A); with comparison in young (<18 years) and late (≥18 years) onset subgroups in LOGG (2B), LOTS (2C), and LOSD

(2D). Significance label * indicates p < 0.05. LMN: lower motor neuron clinical signs; UMN: upper motor neuron clinical signs; cognitive: cognitive

symptoms/signs; psychiatric: psychosis/bipolar symptoms; speech: speech disturbance; swallow: swallowing symptoms/dysfunction.
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Figure 3. Clinical characteristics of LOTS, and LOSD by ataxia, psychiatric, and cognitive symptoms. Bar graphs illustrate differences in clinical

characteristics comparing LOTS to LOSD in the main phenotypes: (A) ataxic versus non-ataxic (neuromuscular) phenotypes; (B) psychiatric versus

nonpsychiatric phenotype; (C) cognitive disorder versus normal cognition phenotypes. Significance labels: * indicates p < 0.05, ** p < 0.01. LMN:

lower motor neuron clinical signs; UMN: upper motor neuron clinical signs; cognitive: cognitive symptoms/signs; psychiatric: psychosis/bipolar

symptoms; speech: speech disturbance; swallow: swallowing symptoms/dysfunction.
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Imaging features

Structural MRI brain imaging findings were available for

104 out of 127 LOTS and 40 out of 43 LOSD, with only

CT head data available for the remainder. Cerebellar atro-

phy was common in LOGG (139 out of 170 [81.8%]) but

more common in LOTS (LOTS: 89.0% vs. LOSD: 60.5%,

p < 0.0001). Brainstem atrophy, reported only in LOTS,

was described infrequently (18 out of 127 [14.2%],

p = 0.0074) and when present, was almost exclusively (17

out of 18, 94.4%) concomitant with cerebellar atrophy.

Cerebral atrophy was occasionally noted in LOGG (16

out of 170 [9.4%]) and similar in LOTS versus LOSD.

When a description of estimated severity of cerebellar

atrophy (LOGG n = 112, including when normal imaging

was explicitly stated) was available: 50.0% had severe cer-

ebellar atrophy and 27.7% had normal cerebellar imaging.

When comparing the individual diseases (LOTS: n = 77,

LOSD: n = 35), severe cerebellar atrophy was more com-

mon in LOTS (LOTS: 61.0% vs. LOSD: 25.7%,

p = 0.0005). When observing trends in severity of cerebel-

lar atrophy, moderate atrophy was more common in

LOTS (14.3%) versus LOSD (5.7%), whereas mild atro-

phy (LOTS: 6.5% vs. LOSD: 20.0%) and no atrophy

(LOTS: 18.2% vs. LOSD: 48.6%), were more common in

LOSD (Mantel–Haenszel v2 p < 0.0001).

The pattern of cerebellar atrophy was described in 30

LOTS and 5 LOSD, generally describing global cerebellar

atrophy (21 out of 30 LOTS, 2 out of 5 LOSD); other

descriptions included vermian-predominant atrophy (5

out of 28 LOTS and 3 out of 5 LOSD). Thinning of the

corpus callosum was reported only in LOTS (12 out of

127, 9.4%). One report of cervical spine MRI imaging in

LOSD revealed dorsal column degeneration and general-

ized cord atrophy.26

Imaging group-wise comparisons

We assessed the major LOGG clinical phenotypes by

comparing imaging findings between the major clinical

phenotypes (as above) with concurrent imaging findings,

irrespective of age at disease onset or disease duration

(Fig. 4).

Imaging in ataxic versus non-ataxic
(neuromuscular) subgroups

LOGG with reported ataxia (n = 120) had more frequent

cerebellar atrophy (87.5% vs. 65.2%, p = 0.007). In

LOGG with ataxia and description of cerebellar atrophy

severity (n = 112, missing = 58), ataxic LOGG had higher

rates of reported severe (57.9% vs. 33.3%) and moderate

atrophy (14.5% vs. 5.6%) and lower rates of mild (7.9%

vs. 16.7%) and no atrophy (19.7% vs. 44.4%), Mantel–
Haenszel v2 p = 0.012. In LOTS, there were similar rates

of cerebellar atrophy in those with and without ataxia,

whereas ataxic LOSD had more frequent cerebellar atro-

phy (ataxic: 76.9% vs. non-ataxic: 35.3%, p = 0.043)

(Fig. 4A). When cerebellar atrophy severity was reported,

in LOTS (n = 77), both ataxic/non-ataxic patients had

similar reported rates of severe cerebellar atrophy (ataxic:

60.3% vs. non-ataxic: 63.2%). In comparison, in LOSD

(n = 35), severe and moderate atrophy were described

only in ataxic patients (50% and 11.1%, respectively),

while mild (ataxic: 5.6% vs. non-ataxic: 35.5%) and no

atrophy (ataxic: 33.3% vs. non-ataxic: 64.7%), were more

common in those without ataxia, Mantel–Haenszel v2

p = 0.0063. In LOTS, apparent differences in cerebral

atrophy (non-ataxic: 20.7% vs. ataxic: 7.5%, p = 0.26)

were nonsignificant. In LOSD, only patients with ataxia

had cerebral atrophy but was nonsignificant (11.5% vs.

0%, p = 0.88).

Imaging in cognitive/neuropsychiatric
phenotype subgroups

Brainstem atrophy was less common in LOTS with psy-

chosis/bipolar symptoms (4.7%) versus those without

(20.0%), p = 0.030, without other associations (Fig. 4B,

C).

Comparison of clinical characteristics
between cerebellar atrophy subgroups

In LOGG with cerebellar atrophy (n = 135) versus with-

out, there were higher rates of ataxia (77.8% vs. 48.4%,

p = 0.0080). In LOSD with cerebellar atrophy, UMN fea-

tures (53.9% vs. 5.9%, p = 0.0096) and ataxia (76.9% vs.

35.3%, p = 0.050) were more common (Fig. 4D). Of two

patients with parkinsonism, the LOTS patient had severe

cerebellar atrophy,24 the LOSD patient (who had concom-

itant oculopalatal tremor) had normal imaging.25

Comparison of imaging findings by age of
onset and disease duration

Age of onset correlated with reported cerebellar atrophy

(r = �0.21, p = 0.011) and the severity of cerebellar atro-

phy (r = �0.27, p = 0.0056). There were no significant

differences in cerebellar, cerebral, or brainstem atrophy in

LOGG patients assessing dichotomous <18 versus

≥18 years age of onset, or within LOTS/LOSD.

Disease duration weakly correlated with cerebellar atro-

phy severity in LOGG (r = 0.20, p = 0.048), driven by

LOTS (r = 0.29, p = 0.015) but not LOSD. In LOGG with

disease duration data (duration ≤10 years [n = 40];
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duration >10 years [n = 111]; missing n = 19), at the lat-

est scan description, rates of cerebellar atrophy were simi-

lar and also between LOTS and LOSD. In LOGG with

cerebellar atrophy severity and disease duration data

(n = 104, missing n = 66), patients with longer disease

duration were more likely to have severe cerebellar atro-

phy (59.7% vs. 29.6%) and less likely to have mild (5.2%

vs. 29.6%), or no cerebellar atrophy (23.4% vs. 29.6%),

Mantel–Haenszel v2 p = 0.0019. Disease duration was not

associated with brainstem or cerebral atrophy.

Clinical and imaging predictors of LOTS
versus LOSD

Logistic regression analysis was used to determine predic-

tors of LOTS versus LOSD. We initially performed a uni-

variate screen of the 8 clinical features, age of onset, and

3 radiological features (cerebellar, brainstem, or cerebral

atrophy, as other features were too infrequently

reported). On this initial screen, of the 8 clinical features

(n = 166), significant predictors with odds ratios (OR

[95% confidence interval]) for LOTS relative to LOSD

were the presence of swallowing symptoms, which was

predictive of LOSD (OR 0.19 [0.057–0.60], p = 0.0051),

whereas predictors of LOTS were psychosis/bipolar symp-

toms (OR 5.24 [1.95–18.32], tremor (OR 2.48 [1.02–
6.06], p = 0.046), and ataxia (OR 2.12 [1.01–4.44],
p = 0.047). For age of onset (n = 151, owing to missing

values), a yearly increase was associated with a lower

probability of LOTS (OR 0.95 [0.92–0.98], p = 0.0032).

Radiological features were available in all patients

(n = 170) and reported cerebellar atrophy (OR 5.23

[2.31–12.05], p < 0.0001), and, when available (n = 112),

greater severity of cerebellar atrophy, used as an ordinal

variable (OR 1.95 [1.40–2.71], p < 0.0001) were associ-

ated with LOTS. Although brainstem atrophy was only

present in LOTS, its rarity did not reach significance

(p = 0.97). We then included these 6 significant univari-

ate predictors as simultaneous predictors, adjusted for

each other, in a multivariate logistic regression model

predicting LOTS, which was subjected to a backward

elimination process. This resulted in a final model

(p < 0.0001 for the model as a whole), with the following

additive predictors of LOTS versus LOSD (odds ratio

[95% confidence interval]) including: the presence of

psychosis/bipolar (4.95 [1.59–19.52], p = 0.011), lack of

swallowing symptoms (0.16 [0.036–0.64], p = 0.011), and

cerebellar atrophy on imaging (5.81 [2.10–17.08],
p = 0.0009). A lower age of onset (0.96 [0.93–1.00],
p = 0.075) was marginally significant, given its correla-

tion with psychosis/bipolar symptoms, and similarly the

presence of tremor (2.50 [0.94–7.43], p = 0.078) but were

felt sufficiently relevant to include in the final model. Of

note, all of these features were also significant in the ini-

tial model with all 6 features, before the elimination,

except for age of onset and tremor, which were margin-

ally significant in the initial and final models. Figure 5

shows the comparative ORs (6A), receiver operating

characteristic (ROC) curve (6B) and predicted probabili-

ties of LOTS depending on different ages of onset with

and without the other predictors (6C/D). It should be

noted that LOTS has a greater severity of cerebellar atro-

phy when present, and when cerebral severity is included

in the model in place of cerebellar atrophy, the predictors

were also significant.

Multimodal imaging

In a study of multivoxel proton MR spectroscopy (1H-

MRS) in 9 LOTS patients, there was decreased N-

acetylaspartate (NAA) in the thalamus, while differences

in creatine (Cr) and choline (Cho) levels did not reach

significance.27 In a LOTS case, MRS revealed low NAA/Cr

ratio and increased myo-inositol (ml)/Cr ratio, compati-

ble with cerebellar atrophy, while fluorodeoxyglucose pos-

itron emission tomography (FDG-PET) revealed

decreased glucose metabolism in the cerebellum, bilateral

temporal, and occipital lobes.28 In a LOSD case with ocu-

lopalatal tremor, MRI was unremarkable, while MRS

revealed low NAA/Cr and Cho/Cr ratios in the pons and

cerebellar white matter.25 In a further LOSD case, FDG-

PET using I-123 IMP revealed hypoperfusion in the cere-

bellum, brainstem, right basal ganglia, and thalamus.29

MRS findings13 in the 10 LOGG patients described in our

previous work20 revealed evidence of significant cerebellar

atrophy, predominantly driven by the LOTS patients.

MRS revealed a lower NAA and higher mI in LOGG, pre-

dominantly driven by LOTS. NAA, mI, and greater

Figure 4. Imaging findings in LOTS and LOSD by main clinical phenotypes and clinical differences in the setting of cerebellar atrophy. Bar graphs

highlight differences in imaging findings, including the presence of cerebellar, brainstem and cerebral atrophy across the main phenotypes: (A)

ataxic versus non-ataxic (neuromuscular) phenotypes; (B) psychiatric versus nonpsychiatric phenotype; (C) cognitive disorder versus normal

cognition phenotypes. (D) illustrates differences in clinical characteristics in LOTS/LOSD subgroups with either the presence or absence of a

description of cerebellar atrophy on imaging. Significance labels: * indicates p < 0.05, ** p < 0.01. LMN: lower motor neuron clinical signs; UMN:

upper motor neuron clinical signs; cognitive: cognitive symptoms/signs; psychiatric: psychosis/bipolar symptoms; speech: speech disturbance;

swallow: swallowing symptoms/dysfunction; CA: cerebellar atrophy; psych: psychiatric phenotype.
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cerebellar volume loss correlated with higher ataxia sever-

ity assessed by clinical ataxia rating scales.13

Discussion

We performed a scoping review and analyzed the largest

assembled cohort to date of reported LOGG patients with

description of imaging findings. Using this large sample,

we characterized the neuroimaging and clinical differences

between LOTS and LOSD, and extended our hypothesis

based on previous work13,20 that there are both clinical

and radiological differences between LOTS and LOSD,

thus challenging previous conventions.2,15 We assessed

differences in clinical or imaging findings associated with

age of symptom onset (controlling for disease duration).

We compared both clinical and imaging findings between

clinical phenotypes (ataxic/neuromuscular [non-ataxic],

psychiatric, and cognitive) of LOTS, and LOSD sepa-

rately. Lastly, we performed logistic regression analyses to

identify clinical and imaging predictors of LOTS

versus LOSD.

Given our large cohort, we first assessed general clinical

characteristics. The most common clinical findings in

LOGG patients were LMN features and ataxia. Higher

rates of psychosis/bipolar symptoms in LOTS (consistent

with the literature2,12) were a key differentiating feature

on univariate testing, which, in the setting of a greater

burden of cerebellar dysfunction in LOTS, may reflect the

Figure 5. Clinical and imaging predictors of LOTS versus LOSD. This pertains to the final logistic regression model predicting LOTS versus LOSD:

(A) the comparative odds ratios (OR) of LOTS relative to LOSD and 95% confidence intervals for the 5 predictors (age of onset in whole years,

psychosis/bipolar symptoms, swallowing symptoms, tremor, and the presence of cerebellar atrophy on imaging); (B) the receiver operating

characteristic (ROC) curve of the final model for prediction of a diagnosis of LOTS; (C) the relative predicted probabilities of LOTS depending on

differing ages of onset with or without psychosis/bipolar symptoms, swallowing problems or tremor, in the absence of cerebellar atrophy on

imaging, and (D) the presence of cerebellar atrophy on imaging. swallow Sx: swallowing symptoms/dysfunction; yr: years of age.
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cerebellar cognitive affective syndrome.19 Swallowing diffi-

culties were infrequent but significantly more common in

LOSD, consistent with the literature.15 This may poten-

tially be related to the higher prevalence of a neuromus-

cular phenotype with LMN involvement in LOSD.30

In comparing age of onset, younger onset LOGG

patients may have more cerebellar (ataxia and speech dis-

turbance) and cognitive/neuropsychiatric features. Differ-

ences were non-significant, except speech disturbances

being more common in younger onset LOSD patients,

highlighting a feature of more severe disease. It is notice-

able that psychosis/bipolar was only present in young-

onset LOSD, suggesting a poorly explained peculiarity of

young-onset LOSD.

In comparing main LOGG clinical phenotypes, ataxic

LOTS had higher rates of speech disturbance, cognitive

symptoms and tremor, while ataxic LOSD tended to have

only higher rates of cognitive symptoms, suggesting a dif-

ference in the motor versus non-motor ataxia symptoms

between LOTS and LOSD.31 LOTS patients with cognitive

symptoms were more likely to have psychosis/bipolar

symptoms (and vice versa), although this association was

not present in LOSD. Interestingly, LOSD patients with

cognitive symptoms were more likely to have ataxia but

was not present in LOTS, highlighting a difference in the

ataxic presentation between diseases.

When assessing imaging differences between LOTS and

LOSD, the vast majority (~90%) of LOTS had reported

cerebellar atrophy, whereas ~40% of LOSD had no cere-

bellar atrophy/normal imaging, supporting our previous

observations.20 Where there was a description of the

degree of cerebellar atrophy, the cerebellar atrophy in

LOTS tended to be more severe than LOSD. There were

relatively few reports of the distribution of cerebellar atro-

phy, which was typically global, or was vermian greater

than hemispheric, which is nonspecific compared to other

cerebellar disorders. Brainstem atrophy was infrequently

reported and only seen in LOTS, suggesting another

disease-specific difference. This low prevalence, may be

related to visually assessing scans, as opposed to detailed,

quantitative measurements, particularly as M�ajovsk�a et al.

suggested that pontocerebellar atrophy may represent a

cornerstone of imaging diagnosis in LOTS.32 The presence

of brainstem neuropathological abnormalities has been

variable across limited pathological studies.4,6,7 Cerebral

atrophy was infrequently reported in both groups and

suggests limited cortical involvement, which is also ech-

oed by neuropathological reports.4,6

We assessed potential differentiating imaging features

based on clinical characteristics. There was no significant

association between age of onset and the presence of cere-

bellar atrophy, while the severity of reported atrophy was

expectedly associated with longer disease duration.

We found clinical differences between LOTS and LOSD

with and without cerebellar atrophy. Rates of ataxia in

LOTS patients both with and without cerebellar atrophy

were similar. In contrast, LOSD patients with cerebellar

atrophy were much more likely to have reported clinical

ataxia compared to those without cerebellar atrophy. This

difference may suggest that LOTS patients have cerebellar

pathology regardless of the presence of obvious cerebellar

atrophy on imaging, whereas in LOSD, cerebellar symp-

toms tend to co-occur with the presence of cerebellar

atrophy only. The characteristic stuttering speech18 is a

common feature of LOGG (particularly LOTS), and may

be related to the distribution and degree of cerebellar

pathology. In comparison, UMN features were more

common in LOSD with cerebellar atrophy but not in

LOTS. This may suggest that corticospinal involvement is

more prevalent in LOSD. Of note, involvement of the spi-

nocerebellar pathways has been reported in LOTS,4 sug-

gesting that assessing atrophy alone may underestimate

cerebellar involvement.

Our findings support the hypothesis that in LOSD

there may be a more frequent neuromuscular subtype,

which is non-ataxic and associated with normal

imaging.20 The differences in symptoms associated with

an ataxic presentation in LOTS versus LOSD (speech in

LOTS and cognitive symptoms in LOSD), may be related

to differential involvement of the motor or cognitive

cerebellum.33 Interestingly, HEXA is more highly

expressed in the cerebral cortex compared to the

cerebellum,34 potentially making the cerebellum more

vulnerable to loss of function mutations in this region.

To test this hypothesis, more detailed studies assessing

neuroimaging and correlation with gene expression are

needed.

Regression analyses indicated independent predictors of

LOTS versus LOSD were the presence of psychosis/bipolar

symptoms, lack of swallowing problems and the presence

of cerebellar atrophy (and when present, more severe cer-

ebellar atrophy). In addition, a lower age of onset (highly

significant on univariate testing) and clinical tremor were

marginally significant but were felt sufficiently relevant to

be included, particularly given the comparative limited

sample size in LOSD. Adding to these, brainstem atrophy

was only present in LOTS and is another key predictor,

although its rarity precluded reaching significance on

regression analysis.

We acknowledge limitations to our study. Firstly, from

a semantic aspect, we defined late-onset as symptom

onset on or after age 10, or having been clinically assessed

at least once at age ≥ 18. This was necessary, given the

lack of a consistent age definition for LOGG. Although

our definition may have resulted in including some juve-

nile cases who survived into adulthood, this likely only

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 221

N. P. Godbole et al. Predictors of Late-Onset GM2 Gangliosidosis



involved very few cases. Age of onset was only reported

as described in the cases and may be biased from retro-

spective assessment but was unavoidable given the reli-

ance on the accuracy of the reported literature. Of a

fundamental nature, out of necessity and by the nature of

our scoping review, we assessed reports of imaging in

LOGG patients, containing unavoidable downsides,

including information bias from lack of accurate docu-

mentation, lack of granularity of descriptions of cerebellar

atrophy severity, or authors potentially neglecting to men-

tion relevant imaging features that were present. We did

not report our own impression of published imaging in

figures (few and not always representative sequences were

included), to ensure consistency. Additionally, given the

rarity of LOGG, it is also unclear how many of the

patients described are unique, given possible overlap in

the cases and series presented. When there was documen-

tation of shared patients between studies, we were metic-

ulous in only including patients once. Ethnicity was only

defined by what was described by the authors. Most

LOTS patients carry one common allele p.G269S as part

of a compound heterozygous pair or homozygous. This

variant is regarded as an “Ashkenazi Jewish” mutation.

However, as most patients are unaware of their ancestry,

this influence of ethnicity may be unrecorded.35 An ascer-

tainment bias was that only English language publications

were included. The described phenotypes, are not neces-

sarily exclusive, given clinical heterogeneity and clinical

evolution over time. The small sample size (particularly

in LOSD) likely influenced results. Distinguishing between

specific genotypic differences was outside of the scope of

the study.

These data suggest that there are significant differences

in symptomatology, disease course, and imaging findings

between LOTS and LOSD. LOTS patients had an earlier

age of onset and were more likely to have tremor, ataxia,

and psychosis/bipolar symptoms, had more frequent cere-

bellar atrophy on imaging, and when present, more severe

cerebellar atrophy. In comparison, LOSD has a different

presentation, with a more common neuromuscular phe-

notype, associated with normal imaging and, while infre-

quent, more common swallowing problems. These data

have implications for clinical care and management in the

two diseases and suggests that data from LOTS and LOSD

should ideally be considered individually in secondary

analyses in clinical trials.36 However, the reality of an

ultra-rare disease may necessitate being included en masse

or resorting to N of 1 trials.37,38
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